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TEMPERATURE DETECTOR AND
CONTROLLING HEAT

TECHNICAL FIELD

The present disclosure 1s related to a temperature detector
and controlling heat.

BACKGROUND

For planar semiconductor devices such as metal oxide
field effect transistors (MOSFETs), heat generated from a
passage of an electric current through semiconductor mate-
rial 1s passed down to a substrate and dissipated. Therelore,
a temperature detector, such as a diode or a bipolar junction
transistor (BJT), 1s usually configured to detect a tempera-
ture of a chip, or a large area including many transistors.
Such temperature detector is typically as large as 5-5 um”.

As process node advances, non-planar semiconductor
devices such as fin field efiect transistors (FinFETs) and
nanowire field eflect transistors (nanowire FETs) are being,
considered to replace the planar semiconductor devices to
mitigate short channel effects, increase on-state currents, etc.
Because of confined geometry of a non-planar device, heat
generated when the device 1s operating 1s more difficult to be
passed down to a substrate and dissipated, and therefore
increases temperature at a particular location of the device,
resulting 1n “local” self-heat. Local seli-heat accelerates
aging and reduces lifespan of the device. An increase of 10°
C. to 15° C. 1in the device can result 1 about 2 times
reduction 1n the lifespan of the device. Local self-heat also
has a major impact on electromigration reliability of metal
interconnects associated with the device that are thermally
coupled to the heated location in the device. The mean time
to failure of the circuit due to electromigration decreases as
temperature of the metal iterconnects increase.

Temperature detectors for planar devices are too large to
detect a local temperature of a non-planar device.

BRIEF DESCRIPTION OF THE DRAWINGS

The details of one or more embodiments of the disclosure
are set forth 1n the accompanying drawings and the descrip-
tion below. Other features and advantages of the disclosure
will be apparent from the description, drawings and claims.

FIG. 1 1s a schematic perspective diagram ol a semicon-
ductor device with a temperature detector 1 accordance
with some embodiments.

FIG. 2 1s a schematic perspective diagram ol a semicon-
ductor device with a temperature detector 1 accordance
with some embodiments.

FIG. 3 1s a schematic circuit diagram of an N channel
semiconductor device with a temperature detector 1n accor-
dance with some embodiments.

FIG. 4 1s a schematic circuit diagram of a P channel
semiconductor device with a temperature detector 1n accor-
dance with some embodiments.

FIG. 5 1s a schematic top view diagram of a multi-finger
semiconductor device with a temperature detector in accor-
dance with some embodiments.

FIG. 6 1s a schematic circuit diagram of an N channel
multi-finger semiconductor device with a temperature detec-
tor 1n accordance with some embodiments.

FIG. 7 1s a schematic circuit diagram of a P channel
multi-finger semiconductor device with a temperature detec-
tor 1n accordance with some embodiments.
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2

FIG. 8 1s a schematic circuit diagram of an NMOS array
with a temperature detector 1 accordance with some
embodiments.

FIG. 9 1s a schematic circuit diagram of a PMOS array
with a temperature detector 1n accordance with some
embodiments.

FIG. 10 1s a block diagram of a system for controlling heat
of a semiconductor device with a temperature detector in
accordance with some embodiments.

FIG. 11 1s a flow chart of a method for controlling heat of
a semiconductor device with a temperature detector 1n
accordance with some embodiments.

FIG. 12 1s a flow chart of a method for controlling heat of
a semiconductor device with a temperature detector in
accordance with some embodiments.

Like reference symbols 1n the various drawings indicate
like elements.

DETAIL DESCRIPTION

Embodiments, or examples, of the disclosure illustrated 1n
the drawings are now described using specific languages. It
will nevertheless be understood that no limitation of the
scope of the disclosure 1s thereby intended. Any alterations
and modifications 1n the described embodiments, and any
turther applications of principles described 1n this document
are contemplated as would normally occur to one of ordi-
nary skill in the art to which the disclosure relates. Reference
numbers may be repeated throughout the embodiments, but
this does not necessarily require that feature(s) of one
embodiment apply to another embodiment, even if they
share the same reference number. It will be understood that
when an element 1s referred to as being “connected to” or
“coupled to” another element, 1t may be directly connected
to or coupled to the other element, or intervening elements
may be present.

Semiconductor Device with Temperature Detector

FIG. 1 1s a schematic perspective diagram of a semicon-
ductor device 10 with a temperature detector 1n accordance
with some embodiments. In an embodiment, the device 10
1s a multi-finger FinFET with an unconnected gate finger
serving as the temperature detector. In another embodiment,
the device 10 includes two abutted FinFETs with a gate of
one of the FinFETs that has shorted source and drain serving
as the temperature detector for the other FinFET. The device
10 includes a substrate 100, channel structures 101 and 102,
gate stacks 104 and 106, drain structures 103 and 107, and
a source structure 105. The substrate 100 1s a silicon-on-
insulator (SOI) substrate or a bulk substrate. The channel
structure 101 includes fins 1012 and 1014, and the channel
structure 102 includes fins 1022 and 1024. For simplicity,
cach channel structure 102 or 104 includes two fins in FIG.
1. However, an implementation with other number of fins 1s
also within the contemplated scope of the present disclosure.
The fins 1012, 1014, 1022 and 1024 each have a rectangular
periphery and are thus non-planar. The gate stack 104
includes a gate structure 1042 and a gate dielectric layer
1044. The gate stack 106 includes a gate structure 1062 and
a gate dielectric layer 1064. In some other embodiments, the
gate stack 106 does not include the gate dielectric layer
1064. The gate structures 1042 and 1062 are made of
polysilicon, metal, or other suitable materials. The gate
dielectric layers 1044 and 1064 are made of silicon oxide,
silicon mitride, high-k dielectric material, or other suitable
dielectric materials.
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The gate stack 104 traverses the channel structure 101. As
the gate stack 104 interfaces with the fin 1012 or 1014, the
gate structure 1042 surrounds three of the four surfaces that
form the rectangular periphery of the fin 1012 or 1014. The
gate dielectric layer 1044 1s inserted between the gate
structure 1042 and the fin 1012 or 1014. In some other
embodiments (not shown), as the gate stack interfaces with
the fin, the gate stack surrounds the fin completely on the
four surfaces that form the periphery of the fin. The channel
structure 101 on opposite sides of the gate stack 104 1s
coupled to the drain structure 103 and the source structure
105. The gate stack 104, the channel structure 101, the drain
and source structures 103 and 105 form a first FinFET. The
first FinFET provides the transistor function for the device
10, and the gate structure 1042, and the drain and source
structures 103 and 105 serve as a gate G, a drain D and a
source S of the device 10, respectively.

Similarly, the gate stack 106 traverses the channel struc-
ture 102. The channel structure 102 on opposite sides of the
gate stack 106 1s coupled to the source structure 105 and the
drain structure 107. The gate stack 106, the channel structure
102, the drain and source structures 107 and 105 form a
second FinFET. In an embodiment, the first FinFET and the
second FinFET are two FinFETs that are abutted. The source
structure 105 1s shared between the first FinFET and the
second FinFET, or the source structures of the first and
second FinFETs are coupled. In another embodiment, the
device 10 1s a multi-finger FET device. For a multi-finger
FET device, the terminals of the first FinFET and the second
FinFET are coupled. For example, the gate structure 1042 1s
coupled to the gate structure 1062 and the gate structures
1042 and 1062 are referred to as gate fingers of the multi-
finger FET device. Further, the drain structure 103 1is
coupled to the drain structure 107, and the source structure
105 1s shared. In some embodiments, to form a temperature
detector from the second FinFET, the gate structure 1062
remains separated from the gate structure 1042, and the
drain structure 107 and the source structure 1035 are shorted
together. The gate structure 1062 serves as the temperature
detector for the first FinFET, has two resistance measuring
terminals gateR+ and gateR—, has a resistance between the
two resistance measuring terminals gateR+ and gateR—, and
varies with temperature local to a particular area, such as the
fin 1012 that 1s shaded. For simplicity, only one fin 1012 1s
shaded. However, the particular area also include the fin
1014. By measuring a resistance across the two terminals
gateR+ and gateR -, the temperature local to the first FinFET
1s detected. Effectively, a temperature local to the device 10
1s detected.

Local self-heat of the first FinFET 1s mainly generated in
the channel structure 101 when the first FinFET 1s turned on,
and the heat from the channel structure 101 1s passed to the
source structure 105 and the channel structure 102 to the
gate structure 1062. In accordance with some embodiments,
a distance d between the gate structure 1062 and the gate
structure 1042 1s smaller than about 0.5 um. Because of the
close proximity of the temperature detector and the channel
structure 101 of the first FinFET, the temperature revealed
by the temperature detector reveals the temperature of the
channel structure 101. In addition, because the source struc-
ture 105 and the drain structure 107 on opposite side of the
gate stack 106 are shorted, there 1s no current flowing 1n the
channel structure 102, and no additional seli-heat of the
device 10 1s mtroduced by the second FinFET.

In order to have more contact area with the channel
structure 102 that receives heat passed from the channel
structure 101, the temperature detector 1s arranged such that
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4

the two terminals gateR+ and gateR- are located across the
channel structure 102. However, the present disclosure 1s not
limited to such locations of the two terminals gateR+ and
gateR—. For example, the two terminals gateR+ and gateR -
are located across the fin 1022 or 1024, along the fin 1022
or 1024, or at any other locations on the gate structure 1062.

Further, in some embodiments with reference to FIG. 1,
the device 10 1s an N channel device, and the shorted drain
and source structures 107 and 105 are coupled to the source
S of the device 10 which typically receives a lower voltage
than the drain D, so that the voltage of the shorted drain and
source structures 107 and 105 1s as close to ground as
possible. In some other embodiments, the device 1s a P
channel device, and the shorted drain and source structures
and are coupled to the drain of the device which typically
receives a lower voltage than the source, so that the voltage
of the shorted drain and source structures i1s as close to
ground as possible. The circuit diagram of the P channel
device 1s shown i FIG. 4.

In accordance with some embodiments, the gate structure
106 1s a resistance temperature detector (RTD) made of
metal. Depending on the metal material used, the RTD has
a predictable resistance versus temperature relationship.
Therefore, by measuring a resistance of the RTD, a corre-
sponding temperature of the RTD can be determined using
the resistance versus temperature relationship. In accordance
with some other embodiments, the gate structure 106 1s a
thermistor made of semlconductor material. Depending on
the semiconductor material used, the thermistor also has a
predictable resistance versus temperature relationship. Simi-
lar to the RTD, by measuring a resistance of the thermistor,
a corresponding temperature of the thermistor can be deter-
mined using a resistance versus temperature relationship of
the thermistor.

FIG. 2 1s a schematic perspective diagram of a semicon-
ductor device 20 with a temperature detector in accordance
with some embodiments. In an embodiment, the device 20
1s a multi-finger nanowire FE'T device with an unconnected
gate finger serving as the temperature detector. In another
embodiment, the device 20 includes two abutted nanowire
FETs with a gate of one of the nanowire FETs that has
shorted source and drain serving as the temperature detector.
Although the term “nanowire” 1s used to refer to a wire of
a channel structure 1n the device 20, the wire with another
dimension 1s within the contemplated scope of the present
disclosure. The device 20 includes a substrate 200, channel
structures 201 and 202, a gate stack 204 and a gate stack 206,
drain structures 203 and 207, and a source structure 205. The
substrate 200 1s a silicon-on-nsulator (SOI) substrate or a
bulk substrate. The channel structure 201 1ncludes
nanowires 2012, 2014 and 2016, and the channel structure
202 1ncludes nanowires 2022, 2024 and 2026. For simplic-
ity, each channel structure 202 or 204 includes three
nanowires 1n FIG. 2. However, an implementation with
other number of nanowires 1s also within the contemplated
scope of the present disclosure. The nanowire 2012, 2014,
2016, 2022, 2024 or 2026 has a circular periphery and are
thus non-planar. The gate stack 204 includes a gate structure
2042 and a gate dielectric layer 2044. For 1llustration, the
gate dielectric layer 2044 that wraps the nanowire 2016 1s
exposed from the dissected gate stack 204 for the gate
dielectric layer 2044. However, the gate structure 2042
covers the gate dielectric layer 2044 that wraps the nanowire
2016, similar to the gate structure 2042 covering the gate
dielectric layer 2044 that wraps the other nanowires 2012
and 2014. The gate stack 206 1s similar to the gate stack 204
and includes a gate structure 2062 and a gate dielectric layer
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(not shown for simplicity). Alternatively, the gate stack 206
includes the gate structure 2062 but does not include the gate
dielectric layer. The material of the gate stacks 204 and 206
1s similar to that in FIG. 1.

The gate stack 204 traverses the channel structure 201. As
the gate stack 204 interfaces with the wire 2012, 2014 or
2016, the gate structure 2042 surrounds the surface that form
the circular periphery of the nanowire 2012, 2014 or 2016.
The gate dielectric layer 2044 1s inserted between the gate
structure 2042 and the nanowire 2012, 2014 or 2016. The
channel structure 201 on opposite sides of the gate stack 204
1s coupled to the drain structure 203 and the source structure
205. The gate stack 204, the channel structure 201, the drain
and source structures 203 and 205 form a first nanowire FET.
The first nanowire FET provides a transistor function for the
device 20, and the gate structure 2042, and the drain and
source structures 203 and 205 serve as a gate G, a drain D
and a source S of the device 20, respectively.

Similarly, the gate stack 206 traverses the channel struc-
ture 202. The channel structure 202 on opposite sides of the
gate stack 206 1s coupled to the source structure 205 and the
drain structure 207. The gate stack 206, the channel structure
202, the drain and source structures 207 and 205 form a
second nanowire FET. In an embodiment, the first nanowire
FET and the second nanowire FET are two nanowire FETSs
that are abutted. The source structure 203 1s shared between
the first nanowire FET and the second nanowire FET, or the
source structures of the first and second nanowire FETs are
coupled. In another embodiment, the device 20 1s a multi-
finger FET device. For a multi-finger FET device, the
terminals of the first nanowire FET and the second nanowire
FET are coupled. For example, the gate structure 2042 is
coupled to the gate structure 2062 and the gate structures
2042 and 2062 are referred to as gate fingers of the multi-
finger FET device. Further, the drain structure 203 1is
coupled to the drain structure 207, and the source structure
205 1s shared. In some embodiments, to form a temperature
detector based on the second nanowire FET, the gate struc-
ture 2062 remains separated from the gate structure 2042
and the drain structure 207 and the source structure 205 are
shorted together. The gate structure 2062 serves as the
temperature detector for the first nanowire FET, has two
resistance measuring terminals gateR+ and gateR— on the
gate structure 2062, a resistance between the two resistance
measuring terminals gateR+ and gateR-, and varies with
temperature local to the channel structure 201, of the first
nanowire FET. Therefore, by measuring a resistance across
the two terminals gateR+ and gateR -, the temperature local
to the first nanowire FET 1s detected. Eflectively, a tempera-
ture local to the device 20 1s detected.

The mechamism and operation for detecting local self heat
of the first nanowire FET 1s similar to that in the embodi-
ments with reference to FIG. 1 except that the fins 1n FIG.
1 are replaced by nanowires 1mn FIG. 2 and the description
thereot 1s therefore omaitted.

FIG. 3 1s a schematic circuit diagram of an N channel
semiconductor device 30 with a temperature detector in
accordance with some embodiments. Because at the circuit
level, the device 10 1n FIG. 1 and the device 20 1n FIG. 2 are
the same, the device 30 represents both the device 10 and the
device 20. The device 30 includes an N channel FET 301
corresponding to the first FinFET 1 FIG. 1 or the first
nanowire FET 1in FIG. 2, and an N channel FET 302
corresponding to the second FinFET 1n FIG. 1 or the second
nanowire FET in FIG. 2. The FET 301 provides the tran-
s1stor function for the device 30. A gate, a source and a drain
of the FET 301 serve as a gate G, a drain D and a source S
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of the device 30, respectively. A source and a drain of the
FET 302 are shorted together and coupled to the source S of
the device 30. A gate of the FET 302 1s separated from the
gate of the FET 301 and serves as the temperature detector
for the FET 301. A resistance of the gate of the FET 302
between two terminals gateR+ and gateR- varies with
temperature local to the FET 301. In some embodiments, the
temperature local to the device 30 1s measured by measuring
a resistance between the two terminals gateR+ and gateR—
of the device 30.

FIG. 4 1s a schematic circuit diagram of a P channel
semiconductor device 40 with a temperature detector 1n

accordance with some embodiments. Compared with device
30 1n FIG. 3, the N channel FETs 301 and 302 1in FIG. 3 are

replaced by P channel FETs 401 and 402. As a result,
configurations of FETs 401 and 402 are changed accord-
ingly. For example, the shorted source and drain of the FET
402 are tied to a drain of the FET 401, which also serves as
a drain D of the device 40.

FIG. 5 1s a schematic top view diagram of a multi-finger
semiconductor device 50 with a temperature detector. The
device 30 has an unconnected gate finger serving as the
temperature detector, and 1s symmetric with respect to the
temperature detector. Although the embodiments described
below with reference to FIG. 5 are based on a multi-finger
device, the present disclosure 1s not limited to forming the
temperature detector 1n the multi-finger device. The tem-
perature detector can also be a gate of a dummy transistor
abutted with the transistor for which a temperature is
detected, as described for the embodiments with reference to
FIG. 1 and FIG. 2. The device 50 includes gate fingers 5020,
5022, 5024, 5026 and 5028. With respect to the gate fingers
5020, 5022, 5024, 5026 and 5028, channel structures 5040,
5042, 5044, 5046 and 5048 are disposed correspondingly.
The channel structure 5040, 5042, 5046 or 5048 on opposite
sides of the gate finger 5020, 5022, 5026 and 5028 are
coupled to a source structure 5010, 5012, 5014 or 5016, and
a drain structure 5030, 5030, 5032 or 5032. The gate fingers
5020, 5022, 5026 and 35028 are coupled together to form a
gate G of the device 50. The source structures 5010, 5012,
5014 and 5016 are coupled together to form a source S of the
device 50. The drain structures 5030 and 5032 are coupled
together to form a drain D of the device 50. The gate finger
5024 1s not connected to the gate G of the device 50. The
channel structure 5044 on opposite sides of the gate finger
5024 are coupled to the source structures 5012 and 5014
corresponding to gate fingers 5022 and 5026. In some
embodiments, a drain structure and a source structure are
essentially the same, the coupled source structures 3012 and
5014 corresponding to gate fingers 5022 and 35026, respec-
tively, are equivalent to the shorted source and drain struc-
tures corresponding to the gate finger 5024 being coupled to
the source S of the device 50. A resistance between two
terminals 50242 and 50244 on the gate finger 5024 varies
with temperature local to each of the channel structure 5040,
5042, 5046 or 5048 and serves as the temperature detector
of the device 50. The device 50 1s symmetric with respect to
the unconnected gate finger 5024. The source and drain
arrangements on both sides of the gate finger 5024 starts
from the source structure 5012 or 5014 closest to the gate
finger 5024, to the drain structure 5030 or 5032, and then to
the source structure 5010 or 5016 furthest to the gate finger
5024.

The device 50 mn FIG. 5 1s an N channel device and
therefore the shorted source and drain structures correspond-
ing to the gate finger 5024 are coupled to the source S of the
device 50. The structure of a P channel device 1s similar to
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that of the N channel device except the doping type of each
structure 1s changed correspondingly and the shorted source

and drain structures corresponding to the gate finger 5024
are coupled to the drain D, instead to the source S of the
device 50.

FIG. 6 1s a schematic circuit diagram of an N channel
multi-finger semiconductor device 60 with a temperature
detector 1n accordance with some embodiments. The device
60 represents the multi-finger semiconductor device 50 1n
FIG. § at the circuit level. The device 60 includes N channel
FETs 601, 602, 603, 604, and 605, corresponding to the FET
structures assoc1ated with the gate fingers 5020, 5022, 5024,
5026 and 5028 1n FIG. 5, respectively. Gates, sources and
drains of the FETs 601, 602, 604 and 605 arc coupled
together to serve as a gate (G, a source S and a drain D of the
device 60, respectively. A source and a drain of the FET 603
are shorted together and coupled to the source S of the
device 60. A gate of the FE'T 603 1s not connected to the gate
G of the device 60 and serves as the temperature detector for
the FETs 601, 602, 604 and 605. A resistance of the gate of
the FET 603 between two terminals gate R+ and gateR- on
the gate of the FET 603 varies with temperature local to the
FETs 601, 602, 604 and 605. Effectively, the temperature
local to the dewce 60 1s measured from the two terminals
gateR+ and gateR— of the device 60.

FIG. 7 1s a schematic circuit diagram of a P channel
multi-finger semiconductor device 70 with a temperature
detector in accordance with some embodiments. Compared

with the device 60 in FIG. 6, the N channel FETs 601 to 605
in FIG. 6 are replaced by P channel FETs 701 to 705. As a
result, the P channel FETs 701 to 705 are configured

accordingly. For example, the shorted source and drain of
the FET 703 are tied to a drain D of the device 70.

MOS Array with Temperature Detector

FIG. 8 1s a schematic circuit diagram of an NMOS array
80 with a temperature detector in accordance with some
embodiments. The NMOS array 80 includes NMOSs 801,
802 and 804 and a dummy NMOS 803. The NMOSs 801,
802 and 804 are connected 1n parallel. Gates G, drains D and
sources S of the NMOSs 801, 802 and 804 are coupled
together. The dummy NMOS 803 has an unconnected gate,

and shorted source S and drain D coupled to the sources S
of the NMOSs 801, 802 and 804. The gate of the dummy

NMOS 803 15 in close proximity to the NMOSs 801, 802 and
804. In accordance with some embodiments, distances
between the gate of the dummy NMOS 803 to the gates G
of the NMOSs 801, 802 and 804, respectively, are less than
about 0.5 um. Therefore, a resistance between two resistance
measuring terminals gateR+ and gateR- on the gate of the
dummy NMOS 803 varies with a temperature local to
channel structures of the NMOSs 801, 802, 804. For 1llus-
tration purpose, the number of parallel-connected NMOSs 1n
the NMOS array 80 in FIG. 8 i1s four. However, the number
of parallel-connected NMOSs i an NMOS array can be
another number as long as each of the NMOS 1s within 0.5
um of the dummy NMOS. The manner with which heat local
to the NMOS array 80 1s being detected 1s similar to that
described for the semiconductor devices with a temperature
detector with references to FIGS. 1 to 7.

FIG. 9 1s a schematic diagram of a PMOS array 90.
Compared with the NMOS array 80 in FIG. 8, the PMOSs
901, 902 and 904 replace the NMOSs 801, 802 and 804, and
a dummy PMOS 903 replaces the dummy NMOS 803. As a
result, the PMOSs 901, 902 and 904, and the dummy PMOS

are configured accordingly. For example, the shorted source
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S and drain D of the dummy PMOS 903 are tied to drains
D of the PMOS s 901, 902 and 904.

System for Controlling Heat of Circuit with
lemperature Detector

FIG. 10 1s a block diagram of a system 8 for controlling
heat of a semiconductor device 30 with a temperature
detector. The system 8 includes the device 30, a circuit
control unit 82, a resistor value detector 84 and a heat control
unit 86. For 1illustration, the device 30 in FIG. 10 i1s the
device 30 1n FIG. 3. However, the device 30 can be any of
the devices 10 to 70 in FIGS. 1 to 7 or the circuits 80 and
90 in FIGS. 8 to 9. The circuit control unit 82 1s coupled to
the gate G and source S of the device 30, and 1s configured
to control the device 30 to turn on or off. The resistor value
detector 84 1s coupled to the two terminals gateR+ and
gateR— of the device 30 and 1s configured to measure a
resistance across the two terminals gateR+ and gateR—-. The
heat control unit 86 1s coupled to the circuit control unit 82
and the resistor value detector 84. The heat control unit 86
1s configured to control the circuit control unit 82 to turn on
and off the circuit control unit, control the resistor value
detector 84 to measure resistance values correspondingly,
and based on the measured resistance values, determine 1f
self-heat of the device 30 exceeds a predetermined limit and
control the circuit control unit 82 to adjust a time the device
30 1s turned on, or turn ofl the device 30 il needed.

In the below 1llustration, unless with reference to FIG. 11
and FIG. 12, unless otherwise indicated, the heat control unit
86 controls the resistor value detector 84 and the circuit
control unit 82 to perform corresponding functions.

FIG. 11 1s a flow chart 1100 of a method for controlling
heat of a semiconductor device with a temperature detector
in accordance with some embodiments. The method 1is
performed by the system 8 1n FIG. 10.

In operation 1102, the circuit control unit 82 turns off the
device 30 through the gate G and source S of the device 30.

In operation 1104, the resistor value detector 84 measures
a {irst resistance of the temperature detector with resistance
varying with a temperature local to the device 30 and obtains
the first resistance from the resistor value detector 84.

In operation 1106, the circuit control unit 82 turns on the
device 30 for a first time period. In operation 1108, the
resistor value detector 84 measures a second resistance of
the temperature detector and obtains the second resistance
from the resistor value detector 84.

In operation 1110, the heat control unit 86 calculates a
temperature difference based on a change from the first
resistance to the second resistance. The temperatures of the
temperature detector, 1n some embodiments, are obtained
from a predetermined resistance versus temperature rela-
tionship of the temperature detector.

In operation 1112, whether the temperature difference 1s
within a predetermined limit 1s determined. In accordance
with some embodiments, the predetermined limit 1s based on
a mean time to failure of metal associated with the device 30
due to electromigration. The metal 1s a metal gate, metal
contacts or metal interconnects associated with the device
30. The mean time to failure 1s determined based on the
Black’s equation.

If the temperature diflerence i1s not within the predeter-
mined limit, the first time period i1s reduced 1n operation
1114. In some embodiments, 1f the device 30 1s turned ofl,
the first time period 1s reduced to zero. Alter operation 1114,
the method loops back to operation 1102 to determine 1f a
temperature difference corresponding to the new first time
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period 1s within the predetermined limait. I the temperature
difference 1s within the predetermined limait, the current first
time period 1s used 1n operation 1116.

In accordance with some embodiments, the first time
period 1n the operation 1106 1s set to be a maximum value
known to cause the temperature diflerence exceeding the
predetermined limit mitially and 1s reduced 1n 1terations.

The temperature detectors of the present disclosure are
not limited to enhancing electromigration reliability as illus-
trated with reference to FIG. 11. Other applications are
within the contemplated scope of the present disclosure,
including, for example, slowing down aging of the device 30
with the predetermined limit specified for an aging require-
ment.

FIG. 12 1s a flow chart 1200 of a method for controlling
heat of a semiconductor device with a temperature detector
in accordance with some embodiments. The method 1is
performed by the system 8 in FIG. 10. Compared to the
method 1n FIG. 11 that finds a fixed time period that the
device 30 1s turned on without exceeding a temperature
range safe for electromigration reliability,, the method 1n
FIG. 12 turns on or off the device 30 using feedback control.

In operation 1202, the circuit control unit 82 turns off the
device 30 through the gate G and source S of the device 30.

In operation 1204, the resistor value detector 84 measures
a 1irst resistance of the temperature detector with resistance
varying with a temperature local to the device 30 and obtains
the first resistance from the resistor value detector 84.

In operation 1206, the circuit control unit 82 turns on the
device 30.

In operation 1208, the resistor value detector 84 measures
a second resistance of the temperature detector and obtains
the second resistance from the resistor value detector 84.

In operation 1210, the heat control unit 86 calculates a
temperature difference based on a change from the first
resistance to the second resistance.

In operation 1212, whether the temperature diflerence 1s
within a predetermined limait 1s determined. Similar to opera-
tion 1112 in FIG. 11, the predetermined limit can be speci-
fied based on an electromigration reliability requirement or
an aging requirement, for example.

If the temperature difference 1s not within the predeter-
mined limait, the method loops back to operation 1202 to turn
ofl the device 30. In accordance with some embodiments,
after the device 30 1s turned ofl, the device 30 1s Cooled
down. Eflectively, the temperature of the device 30
decreases, and the resistance of the temperature detector
changes accordingly. The method then continues with opera-
tion 1204.

In contrast, 1f the temperature difference 1s within the
predetermined limit, the method loops back to operation
1206 so that the device 30 remains turned on.

In some embodiments of the present disclosure, the area
of a temperature sensor 1s reduced by using a gate of a
dummy transistor in close proximity of less than 0.5 um to
a transistor for measuring temperature local to the transistor,
or by using an unconnected gate finger of a multi-finger
device for measuring temperature local to the multi-finger
device. Therefore, temperature local to a circuit can be
detected and used for preventing heat from degrading elec-
tromigration reliability, for example.

In some embodiments, a circuit comprises a substrate,
first and second channel structures, first and second gate
stacks, first source and first drain structures, and second
source and second drain structures. The first and second
channel structures are disposed on the substrate. Each of the
first and second channel structures has a non-planar struc-
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ture. The first and second gate stacks traverse the first and
second channel structures, respectively. The first gate stack
comprises a lirst gate dielectric layer and a {first gate struc-
ture disposed on the first gate dielectric layer. The second
gate stack comprises a second gate structure. The first source
and first drain structures are coupled to the first channel
structure on opposite sides of the first gate stack. The second
source and second drain structures are coupled to the second
channel structure on opposite sides of the second gate stack.
One of the first source and first drain structures 1s coupled to
one of the second source and second drain structures. The
second source and second drain structures are shorted

together. The first and second gate structures are separated

from one another. A resistance between two resistance
measuring terminals on the second gate structure varies with
temperature local to the device.

In some embodiments, a circuit comprises a first FET and
a second FET. The first and second FE'Ts have non-planar
channel structures. One of a source and a drain of the first
FET 1s coupled to one of a source and a drain of the second
FET. A gate of the second FET i1s separated from a gate of
the first FET. The source and the drain of the second FET are
shorted together. A resistance between two resistance mea-
suring terminals on the gate of the second FET varies with
a temperature local to the first FET.

In some embodiments, a system comprises a {irst circuit,
a circuit control unit, a resistor value detector, and a heat
control umt. The first circuit comprises a first FET and a
second FET. The first and second FETs have non-planar
channel structures. One of a source and a drain of the first
FET 1s coupled to one of a source and a drain of the second
FET. A gate of the second FET i1s separated from a gate of
the first FET. The source and the drain of the second FET are
shorted together. A resistance between two resistance mea-
suring terminals on the gate of the second FET varies with
a temperature local to the first FET. The circuit control unit
1s coupled to the gate and the source of the first FET, and 1s
configured to control the first FET to turn on or off. The
resistor value detector 1s coupled to the two resistance
measuring terminals of the second FET, and 1s configured to
measure a resistance across the two resistance measuring
terminals. The heat control unit 1s coupled to the circuit
control unit and the resistance value detector, and 1s con-
figured to control heat of the first circuit based on a change
in measured resistances when the first FET 1s turned on or
off.

A number of embodiments of the disclosure have been
described. It will nevertheless be understood that various
modifications may be made without departing from the spirit
and scope of the disclosure. For example, some transistors
are shown to be N-type and some others are shown to be
P-type, but the disclosure 1s not limited to such a configu-
ration. Embodiments of the disclosure are applicable in
variations and/or combinations of transistor types.

The above description includes exemplary operations, but
these operations are not necessarily required to be performed
in the order shown. Operations may be added, replaced,
changed order, and/or eliminated as appropriate, in accor-
dance with the spirit and scope of the disclosure. Accord-
ingly, the scope of the disclosure should be determined with
reference to the following claims, along with the full scope
ol equivalences to which such claims are entitled.

J
=

[T] L.L

What 1s claimed 1s:
1. A circuit comprising:
a substrate:
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first and second channel structures disposed on the sub-
strate, wherein each of the first and second channel
structures has a non-planar structure;
first and second gate stacks traversing the first and second
channel structures, respectively, wherein the first gate
stack comprises a first gate dielectric layer and a first
gate structure disposed on the first gate dielectric layer,
and the second gate stack comprises a second gate
structure;
first source and {first drain structures coupled to the first
channel structure on opposite sides of the first gate
stack; and
second source and second drain structures coupled to the
second channel structure on opposite sides of the
second gate stack,
wherein
one of the first source and first drain structures 1s
coupled to one of the second source and second drain
structures;

the second source and second drain structures are
shorted together;

the first and second gate structures are separated from
one another; and

a resistance between two resistance measuring termi-
nals on the second gate structure varies with tem-
perature local to the circuit.
2. The circuit according to claim 1, wherein
a distance between the first gate structure and the second
gate structure 1s smaller than about 0.5 um.
3. The circuit according to claim 1, wherein the first and
second source and drain structures are N-type, and the
shorted second source and second drain structures are
coupled to the first source structure.
4. The circuit according to claim 1, wherein the first and
second source and drain structures are P-type, and the
shorted second source and second drain structures are
coupled to the first drain structure.
5. The circuit according to claim 1, wherein one of the first
source and first drain structures i1s shared with one of the
second source and second drain structures.
6. The circuit according to claim 3, further comprising;
a third channel structure disposed on the substrate,
wherein the third channel structure has a non-planar
structure;
a third gate stack traversing the third channel structure,
wherein the third gate stack comprises a third gate
dielectric layer and a third gate structure disposed on
the third gate dielectric layer; and
third source and third drain structures coupled to the third
channel structure on opposite sides of the third gate
stack,
wherein
the third gate structure 1s coupled to the first gate
structure;

the third source and third drain structures are coupled
to the first source and first drain structures, respec-
tively; and

the first source or first drain structure 1s shared with the
second source or second drain structure, and the third
source or third drain structure 1s shared with the
second drain or second source structure.

7. The circuit according to claim 1, wherein

the circuit 1s a FinFET circuat;

cach of the first and second channel structures comprises
at least one fin; and

the two resistance measuring terminals of the second gate
structure are located across the at least one fin of the

10

15

20

25

30

35

40

45

50

55

60

65

I
o)

B

12

second channel structure, or along one of the at least
one {in of the second channel structure.

8. The circuit according to claim 1, wherein

the circuit 1s a nanowire FET circuit;

cach of the first and second channel structures comprises
at least one nanowire; and

the two resistance measuring terminals of the second gate
structure are located across the at least one nanowire, or
along one of the at least one nanowire of the second
channel structure.

9. The circuit according to claim 1, wherein

the circuit 1s a multi-finger device;

the first gate structure, the first source and first drain
structures form a gate, a source and a drain of the
multi-finger device; and

the second gate structure 1s not connected to the gate of
the multi-finger device.

10. A circuit, comprising:

a first FET; and

a second FFT,

wherein
the first and second FETs have non-planar channel
structures;
one of a source and a drain of the first FET 1s coupled
to one of a source and a drain of the second FET;
a gate of the second FE'T 1s separated from a gate of the
first FET:
the source and the drain of the second FET are shorted
together; and
a resistance between two resistance measuring termi-
nals on the gate of the second FET varies with a
temperature local to the first FET.
11. The circuit according to claim 10, wherein
a distance between the gate of the first FE'T and the gate
of the second FET 1s smaller than about 0.5 um.
12. The circuit according to claim 10, wherein the first

H'T 1s an N channel FET, and the shorted source and drain

the second FET are coupled to the source of the first FET.
13. The circuit according to claim 10, wherein the first

ET 1s a P channel FET, and the shorted source and drain of
the second FET are coupled to the drain of the first FET.

14. The circuit according to claim 10, further comprising;:
a third FET,
wherein

the third FET has a non-planar channel structure;

a source and a drain of the thuird FET are coupled to the

source and the drain of the first FET, respectively;
and
the source or drain of the first FET 1s shared with the
source or drain of the second FET and the source or
drain of the third FET 1s shared with the drain or
source of the third FET.
15. The circuit according to claim 10, wherein
the first and second FETs are FinFETs; and
the two resistance measuring terminals of the gate of the
second FET are located across at least one fin of the
second FET, or along one of the at least one fin of the
second FET.
16. The circuit according to claim 10, wherein
the first and second FETs are nanowire FETSs; and
the two resistance measuring terminals of the gate of the
second FET are located across at least one nanowire of
the second FET, or along one of the at least one
nanowire the second FET.
17. The circuit according to claim 10, wherein
the circuit 1s a multi-finger device;
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the gate, the source and the drain of the first FE'T form a
gate, a source and a drain of the multi-finger device;
and

the gate of the second FET 1s not connected to the gate of
the multi-finger device.

18. A circuit comprising;:

a substrate:

first and second channel structures disposed on the sub-
strate, wherein each of the first and second channel
structures has a non-planar structure;

first and second gate stacks traversing the first and second
channel structures, respectively, wherein the first gate
stack comprises a first gate dielectric layer and a first
gate structure disposed on the first gate dielectric layer,
and the second gate stack comprises a second gate
structure; and

first source and {first drain structures coupled to the first
channel structure on opposite sides of the first gate
stack,

wherein
one of the first source and first drain structures i1s

coupled to a first portion of the second channel

structure on a first side of the second gate stack;
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the first portion of the second channel structure and a
second portion of the second channel structure on a
second side of the second gate stack opposite to the
first side are shorted together;

the first and second gate structures are separated from
one another; and

a resistance between two resistance measuring termi-
nals on the second gate structure varies with tem-
perature local to the circuit.

19. The circuit according to claim 18, wherein

a distance between the first gate structure and the second
gate structure 1s smaller than about 0.5 um.

20. The circuit according to claim 18, wherein

the circuit 1s a FInFET circuit;

cach of the first and second channel structures comprises
at least one fin; and

the two resistance measuring terminals of the second gate
structure are located across the at least one fin of the
second channel structure, or along one of the at least
one {in of the second channel structure.

G o e = x
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